Abstract. Embryogenesis is a highly complex and dynamic process, and its visualization is crucial for understanding basic physiological processes during development and for identifying and assessing possible defects, malformations, and diseases. While traditional imaging modalities, such as ultrasound biomicroscopy, micromagnetic resonance imaging, and micro-computed tomography, have long been adapted for embryonic imaging, these techniques generally have limitations in their speed, spatial resolution, and contrast to capture processes such as cardiodynamics during embryogenesis. Optical coherence tomography (OCT) is a noninvasive imaging modality with micrometer-scale spatial resolution and imaging depth up to a few millimeters in tissue. OCT has bridged the gap between ultrahigh resolution imaging techniques with limited imaging depth like confocal microscopy and modalities, such as ultrasound sonography, which have deeper penetration but poorer spatial resolution. Moreover, the noninvasive nature of OCT has enabled live imaging of embryos without any external contrast agents. We review how OCT has been utilized to study developing embryos and also discuss advances in techniques used in conjunction with OCT to understand embryonic development.
Introduction
Congenital anomalies are one of the main causes of infant mortality and also have long-term effects on the quality of life. Present in about 3% of newborns, these defects affect ∼120; 000 babies every year, 1,2 emphasizing the need to study and understand the basic mechanisms involved during embryonic development. A number of animal models have been developed to study embryos at different developmental stages, and advances in genetic engineering have led to the use of a plethora of genetically manipulated animal models that have revealed the genetic basis of various diseases. However, phenotypic information is just as important but not as well documented. [3] [4] [5] [6] Therefore, a noninvasive, rapid, and high-resolution imaging technique would greatly expand our understanding of embryogenesis and help the development of effective strategies for therapeutic interventions.
Histological sectioning was one of the first methods of analyzing embryonic development and has always been the gold standard for phenotypic analysis. In addition to being invasive and time consuming, a large sample size is often required at each developmental stage. Moreover, the process of fixing the embryo can significantly alter its gross morphology and appearance. 7, 8 Noninvasive imaging techniques would overcome these limitations and could potentially enable live imaging. Several noninvasive imaging techniques, such as confocal microscopy, ultrasound biomicroscopy (UBM), micro-magnetic resonance imaging (MRI), and micro-computed tomography (CT), have been employed to study embryonic development. 9 Despite its high resolution, confocal microscopy is limited for embryonic imaging, especially at later stages of development, because of its insufficient imaging depth and requirement of fluorescent markers. [10] [11] [12] With a penetration depth of few centimeters, UBM is a powerful embryonic imaging technique, but its limited spatial resolution of 30 to 100 μm makes it unsuitable for imaging fine structures and processes, e.g., embryonic cardiovascular investigations in small animals. 13, 14 Micro-MRI can also achieve similar high spatial resolutions of 25 to 100 μm. [15] [16] [17] However, long acquisition times restrict the use of micro-MRI for live embryonic imaging. Although micro-CT offers a high spatial resolution of 2 to 50 μm, the use of external contrast agents that may be toxic for embryos and potentially hazardous ionizing radiation makes micro-CT undesirable for imaging live embryos. [18] [19] [20] Optical projection tomography (OPT) is a relatively new technique for three-dimensional (3-D) imaging of embryos with very high spatial resolutions (1 to 10 μm). However, the need for tissue fixation and optical clearing makes it unfeasible for live embryonic imaging. 7, 8, 21 Selective plane illumination microscopy (SPIM) is a technique capable of providing multidimensional, high resolution images of embryos. Although a number of studies have been performed on zebrafish and medaka fish embryos, 22, 23 live murine embryonic imaging using SPIM is difficult as embedding the embryo in agarose is necessary to prevent motion of the sample.
In the past decade, optical coherence tomography (OCT) has been developed and applied for live 3-D imaging of different embryos with high spatial and temporal resolutions. Initially developed for imaging the retina in 1991, 24 OCT is now widely used in clinical ophthalmology 25 and other fields. 26 Due to its ability to provide cross-sectional images of a specimen noninvasively with high spatial and temporal resolutions, OCT is rapidly gaining momentum over other imaging modalities for imaging developing embryos. [27] [28] [29] [30] [31] different techniques that have been used in combination with OCT for improved visualization and quantification of embryonic development, such as cardiac gating and Doppler OCT. This paper then concludes by giving a summary of the recent applications of OCT for studying the embryonic development and briefly discusses future directions of developmental OCT imaging.
Optical Coherence Tomography
OCT is a low coherence interferometric technique capable of label-free, noninvasive and depth-resolved imaging of tissue with micrometer-scale spatial resolution. 24 Often referred to as an optical analog of ultrasound, OCT uses backscattered light from different layers of a sample to obtain depth-resolved information. Due to the high speed of light, the direct time delay cannot be used to detect backscattered photons from the various layers of tissue as with acoustic echoes in ultrasound imaging. Therefore, low-coherence interferometry (LCI) is used to measure the echo delays between the backscattered light coming from different layers. OCT provides micrometer-scale spatial resolution and an imaging depth of a few millimeters in tissue. Since its introduction, OCT has been used in various fields, such as ophthalmology, 32, 33 dermatology, 34 cardiology, 35, 36 dentistry, 37 and cancer imaging.
38-40

Classifications of Optical Coherence Tomography
OCT was first introduced as a time-domain system (TDOCT).
TDOCT is an extension of LCI 41 and was first used to noninvasively image the retina in 1991. 24 In its basic configuration, the light from a broadband source is split and sent to the sample and reference arms in a Michelson-type interferometer. The backscattered light from the sample interferes with light reflected from the reference arm, which has a known time delay. Due to the low coherent nature of the light, only depth information from the sample that matches the optical path distance of the reference arm within the coherence length of the laser source is captured. Thus, a complete axial scan (A-scan or A-line) is obtained by translating the reference mirror. The 3-D imaging is traditionally accomplished by scanning the beam across the sample in the x and y directions using galvanometer-mounted mirrors. The primary disadvantage of TDOCT is long acquisition times due to the motion of the reference mirror needed to get depth information.
Fourier-domain OCT (FDOCT), on the other hand, can obtain a single depth-resolved A-scan without modulating the reference arm by capturing spectral information. FDOCT has several advantages over TDOCT, including a simpler construction, higher speed, and significant signal-to-noise ratio (SNR) improvement. [42] [43] [44] FDOCT can be further classified into two types: spectral-domain OCT (SDOCT) and swept-source OCT (SSOCT). An SDOCT system is similar to a TDOCT system, where the light from the source is split and sent to the sample and the reference arms, and the backscattered light from the sample and the reflected light from the reference arm interfere. Instead of a photodetector in the case of TDOCT, a spectrometer (most commonly a combination of a diffraction grating, focusing lens, and CCD array) is used to capture the spectrum of the interference pattern. A single A-scan is obtained by performing a Fourier transform on the spectrally encoded interference pattern. Thus, in SDOCT, an entire depth-resolved A-scan is obtained at once, which is unlike TDOCT where depth information is obtained by scanning the reference arm. SSOCT systems utilize a swept-source laser, which sweeps through multiple wavelengths over time. Instead of using a spectrometer to obtain the spectrum of the interference pattern, a SSOCT system uses a balanced photodetector. Because the laser sweeps through the different wavelengths over time, the spectral information is encoded in time, rather than space as in an SDOCT system.
Apart from these classifications, a number of extensions to OCT have been developed in the past few years, such as Doppler OCT, 45, 46 speckle variance OCT (SVOCT), [47] [48] [49] optical coherence elastography (OCE), 50, 51 polarization sensitive OCT (PSOCT), 52, 53 second harmonic OCT, 54 angiography OCT, 55, 56 and so on. In this review, Doppler OCT and SVOCT are specifically discussed because of their wide use in embryonic OCT imaging.
Optical Coherence Tomography for Embryology
OCT has proven to be a very useful technique for embryonic developmental imaging particularly due to noninvasive depthresolved imaging, rapid acquisition speed, and high spatial resolutions. This section of the review is organized by the different types of OCT systems that have been utilized to image various embryos.
Time-Domain Optical Coherence Tomography
Early embryonic investigations with OCT involved studying morphological changes in Rana pipiens, Branchydanio rerio, and Xenopus laevis. Initial in vitro studies on R. pipiens and in vivo investigations on B. rerio embryos and eggs, and X. laevis tadpoles were performed using a TDOCT system. 57 The system consisted of a 1300 nm superluminescent diode (SLD) source with a bandwidth of 50 nm and an SNR of 109 dB. The axial and transverse resolutions were 16 and 30 μm, respectively, and the imaging depth was 3 mm. Cross-sectional OCT images of R. pipiens tadpoles were compared to histological sections and showed the potential of OCT as a tool for noninvasive "optical biopsy" of embryos. In addition, sequential imaging of a developing zebrafish was performed over time along the same cross-section, proving that OCT is capable of performing longitudinal in vivo imaging. Moreover, the ability of OCT to distinguish between normal and abnormal morphology was also demonstrated by comparing OCT images of normal and abnormal X. laevis to corresponding histological sections. The irregularly shaped neural tubes and abnormally large orbits consisting of poorly formed cups in the abnormal specimens were successfully visualized by the TDOCT system.
The same group studied the developing neural morphology of X. laevis.
58 Similar to Ref. 57 , brains of both normal and abnormal embryos were imaged at various developmental stages and compared to corresponding histological sections, once again demonstrating the ability of OCT to provide label-free, highresolution depth-resolved images of embryos noninvasively.
These early OCT investigations clearly showed the potential of OCT to perform sequential and longitudinal in vivo imaging, to distinguish normal and abnormal morphology, to perform an optical biopsy, 59, 60 and to complement histological sectioning. OCT imaging also eliminated the need to sacrifice the embryos for analysis and was less time consuming than standard histological sectioning.
Congenital cardiac abnormalities are the most common type of birth defects. 61, 62 Although there have been a number of imaging techniques capable of monitoring the structure and functions of the adult heart, imaging modalities to study the embryonic cardiovascular system are not as well developed. Confocal imaging techniques have been used to analyze developing embryonic cardiovascular systems, but most of these investigations have been on histological sections. 63, 64 Moreover, the reliance of confocal imaging on fluorescent probes for contrast further limits its use for assessing embryonic cardiodynamics. High-resolution micro-MRI has been used in the past to study cardiodynamics, but the long acquisition times required for sufficient contrast make it unsuitable for effectively imaging the relatively rapid movements in embryonic cardiovascular systems. UBM is capable of 50-μm spatial resolutions with an imaging depth of 4 to 5 mm but requires direct contact with the sample for imaging. Furthermore, UBM is not capable of acquiring embryo cardiac motion due to its limited speed, and the frequencies required for sufficient spatial resolution are not suitable for imaging early stage embryonic hearts. 65 Although Doppler ultrasound is capable of providing reliable signals in early embryos, imaging the looping heart is still a challenge due to its limited spatial resolution. 66, 67 Video microscopy is another technique that has been used to study the developing heart, but assumptions made in this technique to calculate the volume of the heart and the heart rate result in inaccurate quantification. 68, 69 OCT can overcome the limitations of these imaging techniques and is capable of noninvasively investigating the structure and function of in vivo embryonic hearts with high spatial and temporal resolutions.
OCT was first used for imaging the developing cardiovascular system of embryonic X. laevis by Boppart et al. 70 In this study, 3-D reconstructions of whole, nonbeating hearts were performed on in vitro specimens, and cardiac function was analyzed on in vivo specimens. The TDOCT system utilized for the in vitro samples was similar to that mentioned in Ref. 57 . To reduce the acquisition time from tens of seconds to 250 ms for in vivo imaging, a different setup was used, which utilized a 1280-nm solid-state chromium:forsterite mode-locked laser source, piezoelectric modulators, and Faraday rotators. The laser source used in this system configuration provided an optical power of 2 mW incident on the specimen surface and an SNR of 110 dB. The piezoelectric modulators replaced the galvanometer scanner in the reference arm to enable faster axial scanning and image acquisition, and the Faraday rotators compensated for the birefringence caused by fiber stretching. The morphology of the heart was qualitatively assessed from the in vitro images and was quantitatively studied by calculating the volumes of the whole hearts under the assumption that the heart was ellipsoidal in shape. The inability of the first configuration to study cardiodynamics was evident from motion artifacts in the images due to the long acquisition time. Thus, OCT optical cardiograms (M-mode images) were acquired to study cardiodynamics using this setup. The reliability of this method was tested by adding an inotropic agent and repeating the imaging procedure. The faster setup enabled clearer imaging of the morphology of in vivo beating hearts but was still not fast enough to capture multiple B-scans during a cardiac cycle. To overcome this, multiple B-scans were taken over a number of cardiac cycles and were combined to form one cardiac cycle, as shown in Fig. 1 .
Despite the insufficient speed in both configurations used in this study, it opened avenues for the assessment of other cardiac parameters, such as cardiac output and flow velocity, through the obtained optical measurements. With the introduction of the rapid scanning optical delay (RSOD) line to speed up reference arm modulation in TDOCT systems, 71 Rollins et al. 72 demonstrated video-rate structural OCT imaging in X. laevis embryos at frame rates up to 32 Hz. Here, a high-power broadband source with a central wavelength of 1310 nm provided 13 mW of optical power. The RSOD utilized a 4 kHz resonant scanner, resulting in a corresponding A-scan speed of 4 kHz.
Other cardiodynamic studies utilized avian models. In 2002, Yelbuz et al. 73 studied the looping chick heart in excised samples with an OCT system that had an A-scan rate of 4 kHz. The 3-D visualizations revealed significant morphological differences between normal and abnormal specimens. Filas et al. 74 also studied the looping embryonic chick heart and quantified the longitudinal strain during development. Using both qualitative and quantitative analysis, they demonstrated that OCT-based strain measurements are ideal for studying the mechanics of cardiac morphogenesis. Manner et al. 75 utilized OCT to image cyclic changes in the cross-sectional shape of pulsating heart tubes ( Fig. 2 ) from chick embryos of incubation days 2 and 3 (corresponding to HHstages 9 to 17). Here, the TDOCT system consisted of an SLD with an output power of 25 mW, central wavelength of 1330 nm, and a bandwidth of 61 nm corresponding to an axial resolution of 9 μm in air. With a B-scan consisting of 4000 A-scans, the frame-rate was 8 Hz. The system used a Fourier-domain RSOD line consisting of a 4-kHz resonant scanner, which matched the A-scan rate. The results showed that the myocardial tube undergoes concentric narrowing and widening during the cardiac cycle, whereas the endocardial tube undergoes eccentric narrowing and widening. In addition, the OCT images showed elliptical-or spindle-shaped cross-sections at the end of the diastole and a slit-shaped cross-section at the end of the systole. These observations disproved earlier findings that the embryonic heart has a circular cross-section and that all of the embryonic heart tissue layers undergo concentric narrowing and widening during the cardiac cycle. 76 The authors also discussed the functional significance of the dynamic eccentric deformation, the significance of the cardiac jelly in the pumping function of the heart tube, and the uneven distribution of the cardiac jelly.
Blood flow plays a critical role in numerous developmental processes, such as stimulating gene expression, altering cellular identity, and influencing the morphology of the developing heart. [77] [78] [79] [80] Thus, understanding blood flow velocity in developing embryos could reveal the basis of various diseases and defects. A number of methods have been used for this purpose including microparticle velocimetry 81, 82 and Doppler ultrasound. 67, 83, 84 However, imaging and quantifying blood flow at very early stages of embryonic development with these techniques is difficult due to the lack of sufficient spatial resolution.
A novel functional extension of OCT, color Doppler OCT (CDOCT), was introduced in 1997 and is capable of providing velocity mapping with micrometer-scale resolution and morphological imaging. 45, 46 Yazdanfar et al. 85 used a TDOCT system to generate a dynamic reconstruction of the X. laevis tadpole heart using CDOCT. The results showed that CDOCT could provide motion artifact-free reconstruction of cardiac blood flow, but a velocity resolution of less than 1 mm∕s was required for accurate blood flow quantification with this technique. Since the minimum resolvable velocity is directly proportional to the image acquisition rate, 46 slower image acquisition was utilized. However, Boppart et al. 70 demonstrated that slower image acquisition causes motion artifacts due to the dynamic structures in living specimens, posing the need for a technique to provide motion artifact-free images with high velocity resolution to accurately quantify blood flow. From the OCT images, Yazdanfar et al. 85 extracted frames consisting of A-scans from the same segment of the cardiac cycle [shown in Figs. 3(a) and 3(b)], which is a form of gating (more thoroughly described later in this review). This method of retrospective gated reconstruction reduced motion artifacts during slow image acquisition without affecting the velocity resolution of Doppler OCT. Color Doppler flow processing was performed on the region of interest from these images, and the blood flow direction and volume were quantified. Here, postprocessing visualized blood flow in the heart at ∼5 frames per second (fps), demonstrating that CDOCT can quantify cardiodynamics. Figure 3 (c) shows the expansion of the upper region of the arterial wall during the systole, which has been misinterpreted as flow and is a common problem (clutter) in Doppler ultrasonography. On the other hand, Figure 3 (d) shows a magnified reconstruction of an entire beating heart, indicating pulsatile blood flow in the rightmost branch of the vessel and no flow on the left, which might be due to the dependence of Doppler signal on incident angle.
Extending the use of RSOD lines to Doppler OCT, Westphal et al. 86 imaged developing hearts of X. laevis embryos in realtime at 8 fps with a velocity resolution of 0.4 mm∕s. Yang et al. 87 demonstrated a high-speed Doppler OCT system capable of imaging a wide velocity range utilizing specially developed hardware and software in 2003. The custom software showed different flow profiles like Color Doppler, velocity variance, power-Doppler, and Doppler spectra. The custom Doppler OCT system was capable of real-time imaging up to 32 fps and a wide velocity range of 2 μm∕s to 10 cm∕s. This system was then tested by imaging the cardiodynamics of a X. laevis model. 88 The results showed a blood flow velocity of 9 mm∕s and demonstrated the capability of the system to quantify cardiodynamics at a frame rate of 8 kHz and to image velocity gradients at 16 fps. Using the Doppler spectrum mode, the velocity distribution during the cardiac cycle was quantified.
Gated image acquisition
Due to the longer acquisition time of TDOCT systems, it was well known that functional imaging of a beating heart can cause motion artifacts. To minimize these artifacts, gating was introduced. Defined as image acquisition synchronized to the heart cycle, gated cardiac imaging was able to provide sufficient data to produce 3-D images of the beating heart without motion artifacts, thus helping in evaluating and analyzing parameters, such as ejection fraction and stroke volume. Jenkins et al. 89 demonstrated the first combination of direct gating and OCT for fourdimensional (4-D) representations of embryonic hearts in 2006, utilizing excised and externally paced chick and murine hearts. The OCT image acquisition was gated to an external stimulus, which was used to pace the heart at 1 Hz. After acquiring images over many cardiac cycles, a single 3-D image was constructed by combining all B-scans from a given phase of the cardiac cycle (explained in Fig. 4 ). Finally, by generating similar 3-D images at different phases, a 3-D movie was generated and 3-D measurements of the ejection fraction were made. The TDOCT system captured 4000 A-scans/second and B-scans were acquired at 20 μm intervals. Four frames were captured The system acquired 4000 A-scans/s with axial and lateral resolutions of 10 μm and used a trigger derived from a laser Doppler velocimetry signal, which was used to trigger image acquisition in lieu of an electrocardiogram used in other imaging modalities. This made the process noninvasive and easily repeatable as it did not rely on the placement of electrodes on the heart. The gated 4-D image consisted of ∼864; 000 A-lines accumulated over multiple heartbeats and represented 3-D volumetric images at eight phases of the cardiac cycle with a total imaging time of ∼7 min. The images demonstrated the transition from systole in phase 1 to diastole in phase 8 (Fig. 5) . The volumes at phase 8 and phase 1 were used to measure the ejection fraction. The OCT slices clearly resolved anatomical features, such as the myocardium and endocardium. This technique opened doors for simultaneous assessment of structural and functional development due to the increase in temporal resolution and superior image quality. Phenotyping of transgenic embryonic murine hearts using TDOCT was demonstrated by the same group in 2007. 91 Traditional histological sectioning for phenotypic analysis has a number of disadvantages including the lack of dynamic information, large number of samples required, and long processing times. Jenkins et al. used OCT to distinguish and quantify morphological differences between embryonic murine hearts from HEX1M1 mutants and their wild-type counterparts at stages E12.5 (embryonic day 12.5) and E13.5, as shown in Fig. 6 . The mutants had increased ventricular volumes and thinner compact myocardia. At E13.5, the mutants showed asymmetric morphology as the left ventricle and atrium showed growth retardation. The results from this work showed the potential of OCT as a noninvasive high-throughput screening tool.
Fourier-Domain Optical Coherence Tomography
The sensitivity and speed of OCT was significantly increased with the introduction of FDOCT, [42] [43] [44] and facilitated application of OCT for embryonic imaging in a number of animal models ranging from worms to zebrafish to mice.
Spectral-domain optical coherence tomography
Kagemann et al. 92 utilized SDOCT to perform the first in vivo 3-D imaging of zebrafish morphology in 2008. Utilizing the noninvasive nature of OCT, they developed an imaging protocol without the use of anesthetizing agents to avoid sedative sideeffects on the embryos. Embryos were imaged in three different preparations. In preparation 1, the embryos were embedded in 1% low melting agarose and immersed in E3 egg water while live OCT imaging was performed. In preparation 2, the same imaging procedure was followed at 72-h postfertilization (hpf). The embryos were then returned to E3 egg water and re-embedded in agarose at 120 hpf. Preparation 3 was similar to preparation 1 but involved nagie oko (m520 allele) mutant embryos. The SDOCT system used in this study had an axial resolution of 3.5 μm in air, and the embryos were imaged at different transverse spatial dimensions depending on the stage of the embryo. At a frame rate of 47 Hz, 180 sequential frames were obtained, each consisting of 501 A-scans acquired at 24 kHz. The unused embryos were fixed for histological processing after OCT imaging. After image processing and averaging to reduce noise, quantitative tissue measurements and statistical analyses were performed. A number of internal structures of the embryo were visible from the SDOCT images ( Fig. 7) and were correlated with published data on anatomic sections for identification. In addition to noninvasively imaging zebrafish organogenesis of the eye, ear, and spine, this study also visualized and assessed the beating heart at different stages of development. Quantitative measurements of the heart and retinal thicknesses were shown to significantly increase with age, and there was good correspondence between the OCT images and histological sections. This investigation clearly showed the ability of SDOCT to perform longitudinal studies and distinguish developmental defects in mutant zebrafish embryos, demonstrating the potential of OCT to detect developmental changes at the tissue microstructural level. More recently, SDOCT was used to image spinal development and deformities in zebrafish. 93 Both wild-type and Chd7 94 knockdown zebrafish embryos from 5 to 29 days postfertilization (dpf) were imaged using an SDOCT system with a central wavelength of 930 nm, bandwidth of 100 nm, and axial and lateral resolutions of 7 and 8 μm, respectively. OCT images from wild-type embryos were compared with histological sections, and the results clearly showed that OCT was capable of differentiating the spine and the surrounding muscles. Furthermore, individual spinal cells were resolved, revealing the cellular-level imaging capabilities of OCT. The highly deformed notochord and many of the malformed organs were clearly visible in the OCT images of the Chd7 knockdown zebrafish embryos. OCT was able to monitor the spinal development of zebrafish embryos noninvasively, which helped overcome the difficulty of obtaining a suitable section of the curved spine during histological sectioning. However, the limited imaging depth of OCT inhibited full body imaging of embryos older than 30 dpf. Moreover, OCT was able to identify skeletal structures that had not yet been mineralized and could not be identified with calcein staining. However, OCT could not distinguish between mature and immature bones, which is possible with calcein staining, as depicted in Fig. 8 . Additionally, OCT was used to image developmental defects in zebrafish embryos due to ethanol exposure. 95 Similar to bright-field microscopy images, abnormal features, such as edema around the developing heart and an enlarged yolk sac, were observed in the OCT images of ethanol-exposed embryos when compared to unexposed embryos. Other organs, such as the eye and notochord, were also imaged to visualize the effects of ethanol on embryonic development.
In one of the first studies to assess the Drosophila melanogaster heart using SDOCT, Bradu et al. 96 used a combination of OCT and laser scanning fluorescence microscopy (LSFM). Due to the optical transparency of the heart and relative opacity of the insect cuticle, live in vivo imaging of the heart was difficult. SDOCT provided axial profiles, but LSFM was utilized to obtain en-face images. Thus, the hearts were not imaged consecutively with both imaging modalities, but rather sequentially. Because the SDOCT system provided depth-resolved information at once, the LSFM system was focused such that fluorescence emission from a broad depth was collected. The complementary information from both systems provided more sensitive and specific information for localizing and monitoring protein function and tissue structure than either of the two systems alone.
Parameters such as the shape of an action potential, activation sequence, and conduction velocity play an important role in normal cardiac development. Optical mapping (OM) is a technique, which collects information about a 3-D structure from a two-dimensional (2-D) projection map. Since the information is collected from a 2-D map, the curvature of the 3-D structure is often ignored, leading to errors in the conduction velocity map. Moreover, the 3-D structure is critical for cardiac development, especially in early stages, and can vary between embryos and between developmental stages. OCT can accurately measure embryo morphology in 3-D at early developmental stages. Recently, Ma et al. 97 demonstrated simultaneous OCT and OM imaging and evaluated both the 3-D structure as well as the conduction velocity. Incorporating the 3-D structure as imaged by OCT increased the accuracy of the conduction map. Consequently, conduction velocities in embryonic quail hearts were corrected to account for the 3-D morphology as obtained from OCT images. This 3-D correction reduced errors introduced from traditional 2-D projection map-based conduction velocities. The results showed the benefit of using OCT to integrate the true 3-D morphology when investigating cardiac electrophysiology.
Lopez et al. 98 used 4-D SDOCT to differentiate control and Wdr19 mutants. They used a SDOCT system employing a Ti: sapphire laser source with a central wavelength of 808 nm, bandwidth of 100 nm, and an A-line acquisition speed of 250 kHz. The system had an axial resolution of 5 μm and transverse resolution of 4 μm. A smaller looping angle was seen in the Wdr19 mutants when compared to the control mice, thus indicating that 4-D OCT imaging can be a useful tool for cardiovascular phenotyping of early stage embryos.
In addition to label-free imaging, exogenous contrast agents can be used to obtain structural and functional information of embryos via microinjection. A real-time depth-resolved highresolution imaging technique could enable more accurate microinjection into different embryonic organs and compartments. In addition, quantitative measurements were taken and showed the capability of OCT to measure injection volumes. Davis et al. 100 employed Doppler OCT with an SDOCT system to image developing chicken hearts at very early embryonic stages where the heart fuses into a tube and begins the looping process. Utilizing a previously developed technique called spectral Doppler velocimetry (SDV), 101 hemodynamic measurements were made as the heart develops from stages HH 11 to 14. SDV is considered an SDOCT analog to pulsed Doppler ultrasound imaging and is capable of producing depth-resolved hemodynamic measurements. This technique calculates the angle of flow from a volume, which increases the accuracy of blood flow velocity measurements. Davis 
Similarly, a number of other groups have studied the effect of blood flow on morphogenesis of the heart using SDOCT systems and have investigated various techniques to calculate the absolute blood flow velocity. In 2010, Ma et al. 103 quantified the absolute blood flow velocity distributions in the heart of a chicken embryo by calculating the slope of the centerline at the outflow tract (OFT) of the heart at different positions and the Doppler angle needed for accurate measurements. This proved to be a faster and more reliable method to calculate velocities at the inlet and outlet of the OFT than earlier techniques. A number of forces act on the walls of the heart, such as the wall shear stress and blood pressure. Studies making use of modeling, instead of the Doppler signal, have also been performed for analyzing these forces. [104] [105] [106] Zhenhe et al. 107 utilized a high-speed SDOCT system to quantify blood flow velocity in embryonic chicken heart in vivo. The SDOCT system was comprised of an ultrahigh speed line-scan CCD camera, 1145 lines∕mm diffraction grating, and a long focal length lens. This system had a maximum A-scan rate of 92 kHz resulting in a measureable velocity range up to 24 mm∕s. Recently, Midgett et al. 108 evaluated blood flow in the OFT of a chick embryo to characterize hemodynamic changes during early stages of cardiac development. Several parameters were measured such as OFT blood flow velocity with respect to lumen diameter (from Doppler OCT images), peak velocity, peak flow rate, stroke volume, wall shear rate, cardiac cycle length, and time of flow. These measurements were supported by computational fluid dynamic simulations, thus providing a greater understanding of blood flow during cardiac looping.
Following the work on strain measurements in embryonic chick hearts, where the cardiac wall motion and blood flow were quantified with OCT in both normal and abnormal hemodynamic condition, [109] [110] [111] Ma et al. 112 proposed a method to measure the wall strain in the OFT of chick hearts at early developmental stages, in vivo. The strain was calculated from a segmented myocardial wall from a cross-section of a 4-D dataset. Since hemodynamic forces play an important role during cardiac development, understanding the mechanical properties of cardiac tissues at different developmental stages is crucial. These studies have demonstrated the potential of using OCT to study the biomechanical properties of the embryonic hearts by quantitative analysis of the wall strain.
Swept-source optical coherence tomogrpahy
Larin et al. 113 demonstrated the overall ability of SSOCT to perform 3-D structural imaging of live embryos at different stages. Structural and functional assessments of embryos from stage E7.5 to E10.5 were performed. Figure 9 shows a snapshot of a 3-D structural image of an E10.5 embryo. Furthermore, nongated 4-D reconstructions of live embryos were acquired and successfully captured the embryonic heartbeat. Figures 9(b) and 9(c) show snapshots from the first OCT images of a beating mammalian heart in 4-D (3D+time).
In 2011, our group demonstrated the first in utero OCT imaging of live mouse embryos starting from E12.5 until the end of embryogenesis. 114 The embryos were imaged with a commercial SSOCT system that consisted of a "broadband" source with an A-scan rate of 16 kHz, output power of 12 mW, central wavelength of 1325 nm, and bandwidth of 100 nm. The total acquisition time for a 3-D dataset was ∼20 s. The system had lateral and axial resolutions of 8 μm. This study focused on which embryonic structures could be imaged with OCT through the uterine wall. The embryos were kept alive by maintaining the body temperature of the anesthetized mother. However, motion artifacts caused by maternal respiration reduced the image quality and demonstrated the need for additional techniques for motion compensation. Figure 10 shows 3-D reconstructions of mouse embryos at E13.5, E15.5, and E17.5, respectively. The images clearly show the morphological and size differences between the three stages. Fine details, such as craniofacial details, are clearly visible in stages E15.5 and E17.5.
Limb development in embryos at various developmental stages as imaged using in utero OCT is shown in Fig. 11 .
The OCT images correlated well with histology and electron micrographs of embryos at corresponding embryonic stages. In addition to imaging the gross morphology of the embryos, the ability of OCT to provide cross-sectional images was also demonstrated by imaging the forelimb. The digits and half of the forelimb could be visualized, suggesting that OCT is capable of providing detailed information for characterizing internal and external structures of the limbs. Next, in utero brain imaging was performed, and the cerebral cortex and ventricles were clearly visualized until E16.5. After this stage, only the cortex was still visible. This study provided an effective protocol to perform in utero longitudinal imaging of mouse embryos.
In addition to gross anatomical investigations, a number of examinations of ocular developments in murine models were performed using SSOCT. Making use of the in utero imaging protocol developed in Ref. 114 , Larina et al. 115 studied ocular structures of mouse embryos at different stages of embryogenesis and also showed the ability of OCT to differentiate normal and mutant mouse models based on differences in their ocular structures. The mutant model (Pax6-SV40 T-antigen transgenic mouse line) spontaneously forms lens and retinal tumors during embryonic development. Longitudinal imaging was performed on wild-type and mutant mice at E13.5, E15.5, and E17.5. OCT was also able to capture the 3-D structure of the hyaloid vasculature, which is a capillary network of the embryonic eye, proving that OCT can assess ocular vascular remodeling during embryonic development. Moreover, OCT successfully distinguished the wild-type embryos from the mutant embryos.
As an extension to this study, our group recently quantified embryonic eye development at different developmental stages of a murine model. 116 An increase in size and morphological changes were clearly visible (Fig. 12) , and the results correlated well with the values obtained using UBM. However, the OCT images provided significantly higher spatial resolution than UBM, enabling more accurate quantification of eye volumes. The brain of a developing embryo is highly susceptible to changes caused by a number of factors, both genetic and environmental. A high-resolution noninvasive imaging technique would provide valuable information to aid in understanding the causes and outcomes of various brain developmental disorders. Thus, OCT is gaining popularity for embryonic brain imaging. Our group imaged the developing brain structure in utero using an SSOCT system while developing a protocol for highresolution in utero imaging of live mouse embryos. 114 Sudheendran et al. 117 utilized this protocol to investigate the effects of prenatal alcohol exposure on the developing brain of mouse embryos using OCT and compared the results with (5) ultrasound imaging. The results of this pilot study showed that the volume of the lateral ventricles of the ethanol-exposed fetuses was significantly larger than those from the control group. The volume of the brain obtained from SSOCT was verified by measuring the volume from the ultrasound images. However, due to inferior spatial resolution and contrast in the ultrasound images, the ventricular margins were not clearly defined, unlike in the OCT images. This resulted in a twofold decrease in variance of the ventricular volumes imaged by OCT, as compared to ultrasound. Figure 13 shows OCT, ultrasound, and H&E stained images of the control and ethanol-exposed fetal brains. It is readily apparent that the ventricles of the embryos exposed to ethanol are dilated in comparison to the controls. Doppler SSOCT has also been used widely to study the murine embryonic cardiovascular system. In vivo structural imaging and hemodynamic measurements were performed in early stage mouse embryos by Larina et al. 118 in 2008. This was the first study that evaluated the normal blood flow in externally cultured mouse embryos using a Doppler SSOCT system. Spatial and temporal blood flow velocity profiles were acquired from the dorsal aorta and yolk sac vessel. Figures 14(a) and 14(b) show structural and Doppler images of the yolk sac and the dorsal aorta, respectively, from a E9.5 embryo. As seen from Fig. 14(b) , strong Doppler signals were detected from the selected regions of the yolk sac vessel and dorsal aorta. Here, blue and red depict the direction of blood flow. A peak blood flow velocity of 3.2 mm∕s and a heart rate of 2 beats∕s was observed. These results correlated well with previously obtained values using confocal microscopy, 119 thus showing the ability of Doppler SSOCT to perform accurate blood flow measurements. Due to the greater imaging depth of OCT as compared to confocal microcopy, measurement of flow velocities and heart rates from the dorsal aorta were possible.
In a similar study, Larina et al. 120 made hemodynamic measurements of individual blood cells in murine embryos at E8.5. At this stage, the heart begins to beat and most blood cells are found in the blood islands with very few circulating erythroblasts. Hence, this study was described as an OCT signal detection technique from single circulating blood cells. Hemodynamic measurements of individual blood cells were made using Doppler OCT. Color-coded Doppler velocity maps from the dorsal aorta at different phases of the cardiac cycle were also acquired. Blood flow dynamics clearly indicated pulsatile flow (Fig. 15) . The heart rate and flow velocity obtained from this study correlated well with other published data, supporting the physiological relevance of the data and ability of Doppler SSOCT to obtain accurate hemodynamic measurements. Assessing individual time frames, measuring the Doppler velocity shift from each visible blood cell, and distance of the cell from the vessel wall suggested the presence of laminar flow. These results showed the ability of SSOCT to provide spatially resolved hemodynamic measurements at early stages of embryonic development without the need of any additional image processing techniques. Doppler OCT has mostly been used for imaging the vasculature of live samples. However, Doppler OCT is highly insensitive to blood flowing in the transverse direction to the probe beam. Hence, blood flow in vessels orthogonal to the probe beam cannot be easily quantified with Doppler OCT. In addition, the phase stability of the system determines the dynamic range of the Doppler OCT imaging. A number of systems with superior phase stabilities have been implemented to combat this problem. Although phase contrast methods have also been applied, 121 they are similarly affected by the phase sensitivity of the OCT system. Time varying speckle analysis has been proposed as an alternative technique to overcome this limitation. 47, 48, 122 Mariampillai et al. 48 utilized speckle analysis to reconstruct the vasculature in the skin of nude mice. Sudheendran et al. 123 utilized SSOCT in conjunction with speckle variance OCT (SVOCT) to obtain 3-D reconstructions of the vasculature in live embryos in culture at E8.5 and E9.5. The SVOCT results were compared with Doppler OCT, and the results demonstrated that both methods perform equally well when the blood flow is in the axial direction, but SVOCT performs better when the vasculature is almost perpendicular to the OCT probe beam. Most recently, Kulkarni et al. 124 demonstrated that sparsity-integrated speckle anomaly detection algorithms further increase the quality of 3-D reconstructions of the network of blood vessels in developing embryos by mitigating problems associated with the presence of vessel structures at multiple spatial scales, thin blood vessels with weak flow, and artifacts resulting from bulk tissue motion.
The majority of embryonic investigations have utilized avian, fish, or mouse models due to the wide availability of transgenic models and ease of development of novel mutants. Rats have not been used as widely as mice for embryonic studies due to a lack of transgenic libraries. After the derivation of rat embryonic stem cells, 125, 126 the use of rats as a mammalian model to study diseases gained momentum. Larina et al. 127 showed the first live imaging of rat embryos in 2009, where the beating heart was captured using SSOCT and blood flow velocity was quantified with Doppler OCT. Rat embryos of stages E10.5 and E11.5 were studied, which correspond to stages E8.5 and E9.5 in mouse embryos. Compared to mouse embryos, the rat embryos exhibited stronger and more stable heartbeats. The 3-D reconstructions of the embryo with the yolk sac were depicted and seemed to have a higher resolution due to the larger size of the internal structures as compared to mouse embryos. 
Nongated image acquisition
In gated acquisition, reconstruction errors are introduced because of the strong dependence of time stamps obtained from the trigger signals, which are often weak in live embryonic imaging. Nongated image acquisition eliminates this problem by removing the need for any postacquisition synchronization.
One of the first studies of embryonic hearts using nongated OCT was done by Yazdanfar et al. 85 utilized nongated acquisition with retrospective gating OCT to study the blood flow throughout a beating X. laevis heart and the surrounding vasculature. Mariampillai et al. 128 also used retrospective gating on X. laevis embryo hearts by utilizing an optical Doppler cardiogram to obtain signals from the heart instead of using an ECG and demonstrated 4-D imaging at 45 fps. A TDOCT system was used to obtain the Doppler optical cardiogram, whereas an SSOCT system was used to image the embryos. The Doppler data were then used to synchronize the B-mode image sequences. Since the image sequences are out of phase in nongated image acquisition, Liu et al. 129 adjusted the phase lags by acquiring a longitudinal image covering the entire region of interest in addition to the series of transverse images. The transverse or parallel slices were first aligned with respect to each other and then aligned with respect to the longitudinal slice, thus synchronizing the transverse images.
In the above case, the longitudinal slice should be chosen carefully such that it does not contain the beating heart. To avoid such situations and also to overcome the limitation of error accumulation, Larina et al. 130 introduced a method called sequential turning acquisition and reconstruction (STAR) for imaging periodically moving structures. As seen in Fig. 16(a) , the STAR approach acquired 2-D+T images along planes which share a common axis, which was unlike other nongated imaging approaches that acquired consecutive images in parallel imaging planes. This common central 1-D+T line from all images served as a temporal gating signal for postacquisition synchronization. After synchronization, the images were represented in 3D+T by transforming them into orthogonal coordinates [ Fig. 16(e) ].
During dynamic acquisition, there is a tradeoff between acquisition time and spatial resolution. When the acquisition time is too long, the motion of the sample blurs the image. If the frame rate is increased to reduce this blurring, the SNR of the image can decrease as fewer backscattered photons are captured. When imaging cardiovascular systems, a frame rate of 100 Hz or more is required due to the velocity of the moving structures to be imaged. Building up on techniques of tiled imaging followed by mosaic reconstruction, Yoo et al. 131 proposed a method to improve the field of view and resolution of dynamic 2-D OCT by combining tiled image sequences of cyclically moving structures in the mammalian embryonic heart. Live rat embryos were imaged with an OCT system similar to the one used in Ref. 118 . The image acquisition protocol and reconstruction algorithm imaged cardiovascular structures with cyclical motion. Dynamic mosaicing overcame limitations of frame rate, resolution, and field of view during fast cardiac imaging. Figure 17 shows the principle of tiled acquisition and mosaicing used in this study. Bhat et al. 132 proposed another method of nongated acquisition, where two sets of parallel 2D+T image sequences were acquired orthogonal to each other in 2013. A high-resolution 4-D (3D+T) volume was reconstructed accurately by making use of the similarities at the points of intersection of the two slices.
Fourier Domain Mode-Locked Lasers for
Imaging Developing Embryos: Ultrahigh-Speed Optical Coherence Tomography
The use of FDML lasers in SSOCT systems has significantly increased the speed of signal acquisition. Since all wavelengths that the bandpass filter is tuned to are simultaneously active, there is no need to build up lasing action for each sweep. This has led to narrow linewidths, broad sweep ranges, and higher phase stabilities. 133 Buffered FDML lasers have further increased the speed of OCT systems by creating copies of the primary sweep and utilizing unidirectional wavelength sweeps. 134 The use of buffered FDML lasers to image developing embryos began in 2007 when Jenkins et al. 135 demonstrated in vivo 4-D imaging of a quail heart without gating for the first time at 100,000 A-scans per second. Unlike previous methods, this A-scan rate was fast enough to sufficiently monitor dynamic processes during embryonic development. The OCT system utilized a buffered FDML laser source with a tuning range of 117 nm and a central wavelength of 1287 nm. The OCT system had an axial resolution of ∼7 μm and an output power of 7.3 mW. The total imaging time of the embryos was no longer than 2 min. Two imaging protocols were used. First, 4-D (3D+time) datasets were collected at a rate of 10 volumes per second, which corresponded to approximately four to six volumes per cardiac cycle. The second imaging protocol monitored the rapid dynamic events during a systole. The 3-D (2D+time) datasets were acquired at a rate of 195 fps, corresponding to an acquisition time of 5.12 ms. Longitudinal imaging was performed by acquiring 2D+time data of the same embryo at 3-h intervals to visualize the growth and changes of the embryonic quail heart at different developmental stages. Sum voxel projection and intensity gradient filters were used to improve visualization, which aided in rapid reconstruction of the hearts in three and four dimensions with high spatial resolution. Figures 18(a) and 18(b) are snapshots of videos using sum voxel projection and gradient filters, respectively, for a 3D+time dataset of a stage 14 quail heart. These two approaches improved throughput and provided rapid preliminary phenotyping of embryonic structures. The sum voxel projection helped with visualization of the outer and inner lumen of the heart tube during filling and ejection of blood, whereas the gradient filters aided with assessment of the interaction of the heart with the surrounding tissue. Figure 19 . This work showed the potential of ultrahigh-speed OCT to quantify mechanical-anatomical relationships in the embryonic heart. Compared to slower systems, this system was able to resolve systolic dynamics, thus moving a step closer to understanding the mechanisms that cause the heart looping process. Gated OCT imaging using FDML lasers was proposed to increase the temporal resolution of 3D+time data, similar to the 2D+time data. Soon after, Gargesha et al. 136 demonstrated a retrospective gating technique to increase the volumetric imaging rate of SSOCT systems utilizing FDML lasers. Based on previous work by Liebling et al., 137 Gargesha et al. developed a more efficient and robust gating algorithm. Unlike previous gating techniques where eight volumes were acquired in a single cardiac cycle with traditional SSOCT systems and 10 volumes were acquired per second with FDML-based SSOCT systems, this method acquired ∼90 volumes per heartbeat (∼270 volumes∕second). By simplifying the experimental setup, this method could also be extrapolated for use on any structure that undergoes periodic motion (e.g., respiratory systems). A robust validation algorithm was tested, which helped in quantitative evaluation of the image processing algorithm, showing that reconstruction errors were minimal.
Following the introduction of the 4-D gating algorithm, hemodynamic measurements of an avian heart were performed by 4-D imaging of cardiac blood flow. 138 Previously, Davis et al. utilized pulsed Doppler measurements using M-mode imaging of the outflow tract of early chicken embryos to obtain indirect measurements of the flow and shear rate in the vitelline vessels of a chicken embryo. 101 The disadvantages of M-mode imaging were overcome by 4-D imaging and its ability to analyze multiple pulsed Doppler measurements. Moreover, 4-D imaging can provide Doppler measurements from the middle of the heart tube, thus providing of the capability for direct measurement of parameters like flow and shear rate. This study used 4-D Doppler OCT data to make hemodynamic measurements in the embryonic avian heart. Pulsed Doppler measurements were obtained at multiple locations of interest throughout the heart tube. The advantages of using 4-D Doppler OCT were clearly evident by the measurement of stroke volume and cardiac output without obtaining the absolute velocity since blood flow measurements were made from the en face images. Moreover, planes orthogonal to the blood flow were selected for the determining the shear stress by utilizing 4-D Doppler OCT.
There have been a few other studies using FDML-based OCT systems to study cardiodynamics and related functions. An FDML-based SSOCT system and an optical coherence microscopy (OCM) system were utilized to understand the relationship between mechanotransduction and trabeculation of the embryonic avian heart. 139 This study showed the potential of imaging developing structures that accommodate the increase in blood flow and visualizing mechanotransducing networks efficiently organizing themselves to aid the process of trabeculation. Gu et al. 140 studied the heart defects that arise due to hypoxia utilizing Doppler measurements made with an FDML-based OCT system. They showed that in the first 5 min, the embryos exhibited decreased systole and increased diastole duration. After the initial 5 min, slower heart rates, arrhythmic events, and an increase in retrograde blood flow were observed.
Optical pacing
One drawback with studying cardiodynamics is the weakening of the heartbeat of the embryo during in vivo experiments. Optical pacing (OP) is a method that uses pulsed laser light to control the heart rate in embryos. Jenkins et al. 141 demonstrated the first use of pulsed infrared light to optically pace intact quail embryos hearts. This technique was later adapted by Peterson et al. 142 in 2012 to alter the heart rates of intact quail embryos to measure the resultant shear forces using OCT. Their results showed that OCT is an effective technique for evaluating OP protocols to study the effects of altered cardiodynamics. More recently, Alex et al. 143 captured and monitored a drosophila heart at different stages of its lifecycle (from larva to adult stages) by optogenetic pacing of the heart using an OCM system.
Recent Advances and Future Directions
After its introduction as a basic time-domain system, OCT has undergone tremendous advances through the years. OCT has expanded in principle, efficiency, and speed, and its range of applications has correspondingly risen. This section briefly overviews recent advances in embryonic imaging with OCT.
Use of an Ultrafast Swept-Source Optical
Coherence Tomogrpahy System to Image Developing Embryos
As already discussed, OCT has been used in different ways to study the cardiovascular system of a developing embryo. Due to the fast heartbeats and rapid development of the cardiovascular system at earlier embryonic developmental stages, capturing the dynamics and growth of the heart has remained a challenge. To overcome this disadvantage, OCT has been combined with different techniques such as gating, and a number of synchronization methods have been demonstrated. 129, 130, 132, 144 Although these methods have helped understand the developing cardiovascular system, some of these methods involve the integration of images acquired at different cardiac cycles into one heartbeat. This greatly depends on the periodicity of the heartbeat, and hence, is prone to errors when the heartbeat is not perfectly regular. With the development of OCT systems utilizing ultrafast FDML laser sources, direct acquisition of 3-D volumes is now possible. However, due to limited resolution in the transverse or temporal dimension due to the relatively slow A-line acquisition rate (up to 100 kHz), these methods were not suitable for studying the embryonic cardiodynamics in murine models.
Recently, our group demonstrated the first direct acquisition of 4-D images (3D+time) of the murine embryonic cardiovascular system using an OCT system with an A-line acquisition rate of 1.5 MHz. 145 With a frame rate of ∼6.4 kHz and a volume rate of ∼43 Hz, the dynamic features of the embryonic mouse heart at E9.5 were resolved, producing a 3-D volume of 208 × 100 × 768 (x,y,z) pixels. Quantitative analyses of heart wall motion, 4-D speckle variance, and Doppler techniques to image the blood vessels were also demonstrated in the study. The ability to acquire a volume at twice the rate of previous techniques showed the potential of this method for live phenotyping. Figures 20(a) and 20(b) show the large-field OCT image (obtained from slow galvanometer mirror scanning) and 4-D cardiodynamics of an E9.5 embryo, respectively. Figure 20(b) shows a frame from a movie of the 4-D cardiodynamics obtained from direct time-lapse 3-D imaging with a volume acquisition rate of ∼43 Hz.
Analyzing the Effects of Teratogens
A large number of environmental factors can affect the normal growth and development of an embryo. Alcohol and nicotine are known to be two of the most serious teratogens. Owing to the limitations of other modalities used for imaging embryos, OCT is a powerful tool for investigating different defects and the mechanisms that cause these defects. Our group, studied the effects of prenatal alcohol exposure on the brain of mouse embryos in utero in 2013, 117 as discussed in Sec. 4.2.2. Karunamuni et al. 146, 147 have utilized OCT to study the structure and function of the developing heart when the embryo is subjected to prenatal alcohol exposure.
Rotational Imaging Optical Coherence Tomography to Image Developing Embryos
While imaging nontransparent samples such as tissue, light is scattered and absorbed. This leads to significant attenuation, thus limiting the imaging depth of OCT, especially, in later stages of embryonic development. To overcome this challenge, our group has proposed a new technique called rotational imaging OCT (RI-OCT). 148 3-D structural imaging was performed at four different angles with an interval of 90 deg between each angle. The volumes obtained from different angles were combined into a single image during postprocessing. Figure 21 shows an E10.5 embryo imaged at different angles and a combined image after proper rotation, scaling, and registration. The results showed that deeper embryonic structures were more clearly visualized in the combined image rather than in an image from one angle, thus demonstrating the ability of RI-OCT to improve OCT imaging of whole mouse embryos by increasing the contrast and extending the imaging depth.
Imaging of Reproductive Organs
Fertilization of the oocyte by a sperm begins the complex process of embryogenesis. After fertilization, the oocyte travels through the oviduct during preimplantation development and enters the uterus, where it undergoes implantation. 149, 150 Infertility can be caused due to mishaps that occur during the travel of the fertilized oocyte through the oviduct to the uterus. 151, 152 Thus, live high-resolution imaging of the reproductive organs would provide a basis for better understanding of the mechanisms during reproduction and embryogenesis. Although a number of imaging techniques have been used for this purpose, [153] [154] [155] [156] there has always been a gap in terms of resolution or imaging depth. OCT fits perfectly in terms of spatial resolution and imaging depth to provide noninvasive highresolution imaging to study the events that occur in the reproductive organs during embryogenesis. In vitro OCT images of the dissected human fallopian tube were comparable to corresponding histological sections. 157, 158 Boppart et al. 159 performed preliminary studies using laparoscopic OCT to differentiate between normal and pathological ovarian tissue. Although this was a preliminary in vitro investigation, the tissues were oriented to simulate laparoscopic procedures, thus showing that the combination of laparoscopy and OCT is a promising method to detect subsurface pathological changes. Recently, Trottman et al. 160 demonstrated ex vivo imaging of the reproductive tract in a bovine model using OCT and also performed histological comparison. The first live OCT imaging of a mammalian oviduct was demonstrated by Burton et al. 161 utilizing SDOCT. Figure 22 shows highresolution OCT images depicting the internal structures of the oviduct ampulla, thus demonstrating that OCT is a powerful tool to study the internal structures of murine reproductive organs. Cilia are known to play an important role in the transport of the fertilized oocyte through the oviduct, and subsequently, ciliary behavior is another key parameter for understanding reproduction and embryogenesis. Wang et al. 162 recently used functional OCT to study dynamic ciliary behavior in the mouse oviduct. They demonstrated ciliary beat frequency (cbf) mapping and differentiated between the cbf at different locations on the oviduct at different postconception stages. 
Conclusion
OCT has clear advantages over other imaging modalities for different biomedical applications. With micrometer-scale resolution, noninvasive imaging capabilities, and an imaging depth of few millimeters in tissue, OCT has been extremely successful in studying the growth and development of embryos, even from very early stages. There have been tremendous advances in OCT from initial static embryo imaging using TDOCT in the late 90s to recent developments enabling direct 4-D imaging of embryonic cardiodynamics utilizing FDML-based SSOCT systems. This review has described in detail the use of OCT to image developing embryos, the advances in the field, and the advantages and limitations of utilizing OCT for embryonic imaging.
